■ INTRODUCTION
Fructose−asparagine (F−Asn, Figure 1 ) is an Amadori product that can be utilized as a carbon and nitrogen source by Salmonella enterica.
1 Amadori products are formed via the nonenzymatic condensation of the carbonyl group of reducing sugars and the nucleophilic amino group of amino acids and proceed through the formation of a Schiff base that spontaneously rearranges to form a stable ketoamine. 2−6 In the case of F−Asn, the reactants are glucose and asparagine. 3 The Amadori product is the first relatively stable compound in the sequence of reactions collectively referred to as the Maillard reaction. 2, 7 The reactions are controlled by many factors, including pH, temperature, solvent, and pressure. Water is lost during the reaction, so the use of water as solvent favors the return to starting materials. Harsh reaction conditions convert F−Asn to advanced glycation end products (AGEs). Kinetically, this is an example of a series reaction in which the formation of an intermediate is followed by its subsequent decay. 8, 9 Maillard chemistry is significant in vivo; the current gold standard marker for long-term blood glucose control, hemoglobin A 1c , is an Amadori product. 10−13 Subsequent steps in the reaction lead to formation of AGEs that are associated with the development of diabetic complications, 14, 15 among other disease pathologies. 16, 17 In addition, this reaction occurs in virtually all high temperature prepared and stored foods. 18 Many Maillard reaction products are involved in food browning and are responsible for some of the distinct aromas and flavors of cooked foods. F−Asn is best known as the precursor of acrylamide, a neurotoxic compound found in some human foods. 19−27 Acrylamide is found in several cereals and potato products, and its concentration correlates with asparagine concentration, an important nitrogen storage compound in these plants. 28 Because heat accelerates, and water is inhibitory, for formation of acrylamide, acrylamide is found in concentrations in fried potatoes higher than those in raw or boiled potatoes. While many studies measured acrylamide in foods, few measured F−Asn, so it is unclear whether F−Asn is present in the potatoes before frying, or whether frying increases the formation of F−Asn during the process of forming acrylamide. There is evidence that F−Asn formation does not require heating, so it may be present in the potatoes before cooking. 29 The concentration of F−Asn and related products has been measured in apricots and peaches. 5 Interestingly, F−Asn was not detectable in fresh fruits, but was abundant after months of storage. 5 F−Asn was also abundant in dried vegetables, with dried asparagus containing the highest concentration of 48 000 pmol/mg dry weight. 4 Dried tomato, red pepper, and bell pepper also had high concentrations, while dried cauliflower, carrot, and celery were the lowest at 3 400 pmol/mg dry weight. 4 While F−Asn is known as a precursor of acrylamide, it was not known to be a nutrient for any organism until the recent discovery that Salmonella can utilize this compound as a carbon and nitrogen source. 1 The genes required for F−Asn utilization (the fra genes) appear to have been acquired horizontally shortly after divergence from E. coli. 1 The divergence of E. coli and Salmonella is estimated to have occurred roughly 140 million years ago, 30 which places the acquisition of the fra locus by Salmonella much earlier than the evolution of the modern form of humans. We therefore postulated that F−Asn is present in raw foods and served as a nutrient source for Salmonella. Here, we tested this hypothesis and found that F−Asn is found in some raw foods, although heat drying or frying greatly increases its abundance. Additionally, we previously reported that F−Asn is toxic to a f raB mutant of Salmonella. 31 This suggests that a combination of F−Asn and a FraB enzyme inhibitor would be toxic to wildtype Salmonella and could represent a novel therapeutic. In this study, we addressed the question of whether the F−Asn content in foods is sufficiently high to inhibit a f raB mutant of Salmonella.
Liquid chromatography coupled with tandem mass spectrometry has been used to quantify Amadori products such as fructose−leucine, fructose−phenylalanine, fructose−methionine, fructose−valine and fructose−histidine in pepper and tomato. 32, 33 Heavy labeled standards facilitated the absolute quantification of Amadori products in food with correction for the losses during sample preparation and degradation of analytes 32 and we follow a similar procedure here.
■ MATERIALS AND METHODS
Food Preparation. The following food items were purchased from local grocery stores: Ohio sweet corn, basmati rice, Russet potato, Yukon Gold potato, red potato, fresh apricot, fresh peach (Hirsch fruit farm), canned apricot in heavy syrup (Libby's), dried apricot (Sunmaid Mediterranean), white bread (the crust and the crumb were measured separately), canned peach in heavy syrup (Libby's), green lettuce (Little Gem), and asparagus. Food items were either raw or cooked using two methods, frying or boiling. Raw items were chopped and placed in preweighed microcentrifuge tubes. Boiled items were obtained by placing the food of interest in boiling water for 7 min prior to chopping the boiled item and placing in preweighed microcentrifuge tubes. Fried items were obtained by slicing (as in the case of potatoes) and frying in olive oil at 216°C for 5 min per side of the food item before chopping and placing in a preweighed microcentrifuge tube. Additionally, F−Asn was measured in the following items without further manipulation: Lays Classic potato chips, Wendy's French fries, Horizon Grains hog feed, and Purina Flock Raiser poultry feed.
Synthesis of Amadori Products.
13 C-labeled fructose−asparagine was synthesized as described, 3 but using glucose uniformly labeled with 13 C (Cambridge Isotope Laboratories). The resulting product is ∼95% pure and has been characterized by 1 H and 13 C NMR, exact mass, and specific rotation. 3 The fructose−asparagine exists as a mixture of the zwitterion and the ammonium salt; the main impurity is ethylene glycol, whose content we know from NMR data.
Liquid Chromatography−Mass Spectrometry (LC−MS). To measure the concentration of F−Asn in food samples, the samples were lyophilized and ground on dry ice with a pestle in a preweighed 1.5 mL microcentrifuge tube. Approximately 10 mg of dry material was then transferred to a new 1.5 mL centrifuge tube and weighed, followed by the addition of 500 μL of chilled methanol and 500 μL of H 2 O spiked with 0.16 nmol [ 13 C]-F−Asn. After vortexing and centrifugation at 14 800g for 1 h, the supernatant was transferred into a new 1.5 mL centrifuge tube, frozen, and lyophilized. Before mass spectrometric analysis, these dried pellets were resuspended in 500 μL of acetonitrile/water, 80:20% with 0.1% (v/v) formic acid (LC−MS grade, Thermo Scientific) and filtered using a 0.2 μm PTFE filter (Thermo Scientific). A recovery test of sample preparation was performed, and results are shown in Supplementary Table 1 . The supernatant of the flow-through fraction was injected for LC−MS analysis. A nanoACQUITY Ultra Performance LC system (Waters, Milford, MA, United States) with a UPLC M-class BEH 130 amide column (Waters, 75 μm × 100 mm, 1.7 μm) was coupled to a triple quadrupole mass spectrometer (Waters Xevo TQ-S) for F−Asn quantification. Buffer A (0.1% FA in water with 10% acetonitrile) and buffer B (0.1% FA in acetonitrile) were used as mobile phases for gradient separation, which started with 80% B for 6 min at a flow rate of 0.5 μL/min and then followed by gradient ■ RESULTS Fructose−Asparagine Concentrations in a Sampling of Human and Animal Foods. Acrylamide is a neurotoxin that has been found in fried potato products, including French fries and potato chips. 4, [20] [21] [22] [23] [24] [25] 29, 34 Concerns over this finding led to the measurement of acrylamide in a large number of human foods. 27, 42 While acrylamide itself has been measured in numerous foods, the concentration of its precursor, fructose−asparagine (F−Asn), has been measured in very few. 4, 5, 35, 36 The F−Asn content of foods has become more significant with the finding that F−Asn is utilized by the foodborne pathogen Salmonella as a carbon and nitrogen source. 1 In this study, we measured F−Asn in a variety of foods, including raw, boiled, and fried potatoes (French fries and potato chips); raw, boiled, and fried rice; bread; bread crust; raw and boiled asparagus and corn; canned peaches; and fresh, dried, and canned apricots.
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Article We used three different types of potato and then fried or boiled them ourselves so that the results could be directly compared to the raw starting material (see Materials and Methods). In each of the three types of potatoes, we found that frying increased the F−Asn content by between 7-and 21-fold (Table 1, Figure 2 ). After frying, the concentrations in the three types of potatoes ranged between 560 and 1900 pmol/ mg. Boiling had no effect. We also tested commercial potato chips and French fries obtained from a local restaurant. In both cases, the F−Asn concentration was 80 pmol/mg, which is similar to what we observed in raw potatoes (between 70 and 130 pmol/mg) and far lower than when we fried the potatoes ourselves. This is presumably because the food industry has developed pretreatment procedures to decrease acrylamide formation. 37, 38 The browning of foods results in numerous Maillard reaction products. 39−43 Because F−Asn is a precursor to Maillard reaction products, we hypothesized that it may be present in bread or bread crust. Therefore, we measured the F−Asn content of bread crust and compared this to the F−Asn content of a sample from the middle of the same slice of bread. The F−Asn concentration in the crust was below our detection limit of 1.4 pmol/mg. In the middle of the slice of bread, the F−Asn was 13 pmol/mg (Table 1, Figure 2) . We purchased raw rice and then fried it or boiled it ourselves so that the results could be directly compared (see Materials and Methods). Raw rice had a fairly low concentration of F− Asn at 10 pmol/mg. Frying and boiling reduced the F−Asn concentration in rice to below our detection limit of 1.4 pmol/ mg (Table 1, Figure 2 ).
Fresh asparagus, lettuce, and apricot had significant concentrations of F−Asn (500, 500, and 800 pmol/mg, respectively). Boiling asparagus reduced the F−Asn concentration from 500 to 50 pmol/mg. The concentration of F−Asn in apricots was 800 pmol/mg in fresh and 500 pmol/mg in commercially canned. However, F−Asn was extremely high in commercially dried apricots at 8000 pmol/mg (Table 1, Figure  2 ). Fresh peaches had 66 pmol/mg F−Asn, while the concentration in commercially canned peaches was much higher at 500 pmol/mg.
Because the fresh, canned, and dried apricots were all from different sources, the effects of canning and drying are not directly comparable. Therefore, we bought fresh apricots and dried them ourselves, either with or without additional heat. The fresh apricots had an average F−Asn concentration of 600 pmol/mg. Drying at room temperature without additional heat (fan only) required 4 days and yielded an average F−Asn concentration of 3400 pmol/mg. In contrast, drying with heat required only 1 day and the average F−Asn concentration was 35 000 pmol/mg (Table 1, Figure 2) . We then performed the same drying experiment with apples, blueberries, bananas, and asparagus. In all cases except the blueberries, drying with heat yielded high concentrations of F−Asn (4000 to 18 000 pmol/ mg) (Table 1, Figure 2) .
We measured the F−Asn content in commercial hog feed, chicken feed, and laboratory mouse chow and obtained 7, 70, and 400 pmol/mg, respectively (Table 1, Figure 2 ).
■ DISCUSSION
The various steps of the Maillard reaction occur during the preparation and processing of foods characteristic of the Western diet and are promoted by high temperatures (>140°C ). These reactions are responsible for the browning or darkening of foods, such as the browning of bread into toast, the color of beer from malted barley, and the browning of various meats when seared or grilled. They contribute to the aroma, flavor, color, and texture of foods but also result in decreased nutritional value through a variety of mechanisms.
18 a The average of three measurements and the standard deviation are shown for each food type. The limit of detection was 1.4 pmol/mg. The standard deviation of pooled quality control runs was 7.4%. These results are graphed in Figure 2 .
In contrast, they have been shown to increase the antioxidant activity in foods and may exert organism-specific influences on the gut microbiota, such as inhibiting growth of E. coli and Enterobacter cloacae. 18 In a diet that consists largely of foods that have been either prepared at high temperatures (e.g., baking, frying, dehydrating) or stored for long periods of time, ingestion of Maillard reaction products can be significant. For example, the intake of Amadori rearrangement products has been estimated at 0.5−1.2 g/day, and consumption of AGEs may reach 25−75 mg/day. 44 Apart from microoxic fringes, the human gut is an anoxic environment; 45 consequently, the vast majority of the human gut microbiome must employ anaerobic metabolism. The gut community ultimately relies on fermentation for its energy, with the two main fermentative substrates being nondigestible carbohydrates and protein. 44 Except for specific fermentation products (e.g., acetate, H 2 ) consumed by organisms capable of anaerobic respiration (e.g., sulfate reduction), terminal fermentation products cannot be further metabolized anaerobically. However, some Maillard reaction products are known to be metabolized by colonic microbiota, and the microbial catabolism of these products may modulate the composition of the gut microbiota. 44, 46, 47 Salmonella is the first organism identified that can specifically consume F−Asn, 1 although we have recently confirmed that some members of the class Clostridia can also utilize F−Asn. 48 It is not known if F−Asn in the diet could affect a Salmonella infection. However, a mutation in the gene f raB, which encodes a deglycase essential for the last step of the F−Asn utilization pathway, causes Salmonella to be inhibited by F− Asn. 31 This finding suggests that inhibitors of FraB activity might make potent anti-Salmonella therapeutics. If small molecule inhibitors of FraB were to be developed, F−Asn would need to be present with the inhibitor for it to function.
One question we addressed in this study is whether there is sufficient F−Asn in human foods or if supplementary F−Asn needs to be administered with a FraB inhibitor. F−Asn has been detected previously in tomato powder, bell pepper, red pepper, asparagus, cauliflower, carrot, celery, apricots, and peaches, especially when these samples were stored for long periods of time or dried. 4, 5 We confirmed that asparagus, peaches, and apricots do indeed have high F−Asn concentrations. We found that raw asparagus had 70 pmol/mg of F− Asn and that this batch contained 2300 pmol/mg when fan dried at room temperature for 96 h and 18 000 pmol/mg when heat dried for just 24 h (Table 1, Figure 2 ). Thus, fan drying and heat drying increased F−Asn content by 33-and 257-fold, respectively. A previous study reported 1.4 g of F−Asn per 100 g of dry weight in dried asparagus, 5 equivalent to 48 000 pmol/ mg, approximately 2.7-fold more than what we measured. It is possible that this difference is attributable to methodology, or variance between asparagus samples (see Table 1 for a comparison of different asparagus batches). With apricots, we observed 600 pmol/mg F−Asn in raw apricot that increased to 3400 pmol/mg after fan drying at room temperature for 96 h and 35 000 pmol/mg after heat drying for just 24 h (Table 1, Figure 2 ). This finding again demonstrates that heat drying leads to the highest concentrations of F−Asn. We also observed very high concentrations of F−Asn in heat-dried bananas and apples (Table 1, Figure 2) . For animal foods, we looked at commercial swine food (7 pmol/mg) and poultry food (70 pmol/mg) (Table 1, Figure 2 ). Both contain F−Asn, but neither was as high as laboratory mouse chow (400 pmol/ mg).
In addition to the fruits and vegetables listed above, we hypothesized that F−Asn may be present in foods that are known to have high acrylamide concentrations. 26 Among foods known to contain acrylamide, we compared russet, Yukon Gold, and red potatoes that were either raw, boiled, or fried. In each case, raw and boiled potatoes had relatively low concentrations of F−Asn (70−150 pmol/mg) (we might expect boiling to remove the soluble precursors) while fried potatoes had higher concentrations (560−1900 pmol/mg). This trend is similar to patterns observed with acrylamide. 26, 27, 42 Among the potato types, fried russet potatoes had the highest F−Asn content, and these are also known to have high acrylamide content. 49 The FDA has recommended against the use of russet potatoes because of their high reducing sugar content, which leads to high levels of acrylamide in cooked products. 27 This study elucidated the source of a nutrient, F−Asn, which is utilized by the food-borne pathogen Salmonella. While Amadori products are often associated with browning of foods, we found very low concentrations of F−Asn in bread crust. In Figure 2 . Fructose−asparagine in human and animal foods with each food type indicated along the x-axis. Each food type was measured in triplicate with the geometric mean and 95% confidence interval indicated. The limit of detection (1.4 pmol/mg) is indicated by the dotted line. The data in this graph come from Table 1. this case, we speculate that this may be due to movement of dissolved glucose and asparagine toward the interior during baking. Instead, we found that heat-dried fruits and vegetables, especially asparagus and apricots, have the highest concentrations of F−Asn in those foods measured in this study. High levels of F−Asn in these dried foods are likely due to the high concentration of the precursors (glucose and asparagine) and the ability of heating as well as removal of water to accelerate Amadori product formation. Salmonella acquired the genes required for F−Asn utilization long before humans began heatdrying foods, so we presume that the concentrations available in raw fruits and vegetables are sufficient to benefit Salmonella and other organisms that can utilize F−Asn. With regard to drugs targeting Salmonella FraB, F−Asn must be available during the inhibition of FraB to intoxicate the bacterium. Therefore, a reliable therapeutic modality would presumably be to package chemically synthesized F−Asn with the inhibitor. However, our study offers an alternative. Because the 400 pmol/mg F−Asn present in mouse chow is sufficient to intoxicate a Salmonella fraB mutant in mouse models of inflammation, 31 a similar threshold should suffice as a supplement for a FraB-based therapeutic. We have now demonstrated that F−Asn exists in similar concentrations in human foods such as fresh apricots, lettuce, and asparagus, and in canned peaches. In fact, F−Asn exists in far higher concentrations in dried apricots (35 000 pmol/mg or 35 mM). Clearly, there are several foods that could be eaten with the inhibitor that would provide sufficient F−Asn to intoxicate Salmonella.
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